Introduction
Hematopoietic stem cell transplantation (HCT) is a complex and intensive set of therapies which include the administration of blood stem cells collected either from healthy donors or the patients themselves. HCT is used to treat a variety of life-threatening diseases, including leukemia, lymphoma, multiple myeloma, and aplastic anemia [1] . Risks of morbidity and mortality after HCT are considerable and vary in type, timing, frequency, and severity according to the type of stem cells and donor used as well as other patient-, disease-, and therapy-related factors. Autologous transplantation, in which the patient receives his or her own cells after high-dose chemotherapy, has a relatively low rate of transplant-related mortality. Although autologous transplantation is effective in some diseases incurable with conventional chemotherapy, recurrent malignancy is a major cause of treatment failure. Recurrences generally occur one or more years after transplantation. Allogeneic transplantation, in which the patient receives cells from a suitably human leukocyte antigen (HLA)matched healthy donor (usually a sibling) offers a greater chance of eradicating malignancy, but confers a higher risk of transplant-related mortality due to slower hematopoietic and immunologic recovery and graft-versus-host disease. Transplantrelated deaths generally occur in the first year after transplantation. Which type of transplantation (autologous vs. allogeneic) is best for patients with a given disease is a pressing question. Because recurrence rates and other outcomes depend heavily on the type of disease, trials to address this question must be disease specific.
In a biological assignment trial, treatment assignment is biologically based rather than randomly assigned. In the case of HCT, this means that patients who have a suitable HLA matched sibling donor will be assigned to the allogeneic transplant arm, while patients who do not have such a donor will be assigned to another treatment, such as autologous transplantation. The existence of an HLA-matched sibling donor depends on the availability of a healthy sibling who received the same HLA genes as the patient from their common parents. Since the selection of the sibling donor and recipient genes from their parents is a random process at the time of conception, biological assignment trials are sometimes called genetic or Mendelian randomization trials [2] [3] [4] . From the trial design standpoint, it is hoped that, conditional on observable prognostic factors such as patient age and baseline disease status, the existence of a matched sibling donor is independent of patient prognosis.
Recently, the term Mendelian randomization has also been used to describe a study design in genetic epidemiology to reduce confounding when estimating the effect of a risk factor on disease [5] [6] [7] . Although, both biological assignment and Mendelian randomization utilize the Mendelian principle of random selection of genes from parent to offspring, the genetic epidemiology studies use the actual genotype of the patients to estimate the effect of a risk factor on disease, while biological assignment studies use matching of the sibling donor and recipient HLA (and not the specific HLA genes) to estimate the effect of the type of transplant on outcome. HLA matching status itself is not anticipated to be biologically related to outcome. Biological assignment trials have been reported in a wide variety of diseases for which HCT is considered an acceptable treatment including myeloid and lymphoid leukemias, myelodysplastic syndromes, and multiple myeloma [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, biological assignment should not be equated with randomly assigning a treatment upon enrollment to a study.
In this article, we discuss issues which may arise in biologic assignment trials including feasibility of patient accrual, sample size considerations, adjustment for prognostic factors, monitoring for enrollment biases, intention-to-treat (ITT) analyses and ethics. These issues are illustrated using experiences from the Blood [24] . In this trial, patients with an HLAmatched sibling donor were assigned to receive an autologous transplant (using one's own stem cells) followed by an allogeneic transplant (using stem cells from the donor) (auto-allo). Patients without an HLA-matched sibling donor were assigned to receive two sequential (tandem) autologous transplants (auto-auto). This study design is illustrated in Figure 1 .
Need for alternative designs in clinical trials in hematopoietic stem cell transplantation
A substantial impediment to conducting definitive trials of HCT strategies is the fact that relatively few patients are eligible for this treatment. Of the approximately 20,000 new cases of multiple myeloma (the most common indication for autologous HCT) diagnosed yearly in the United States and 13,000 new cases of acute myelogenous leukemia (AML, the most common indication for allogeneic HCT) [25] only about 3500 myeloma patients and 2000 AML patients receive a transplant. The total number of patients undergoing HCT in North America is about 17,000 annually (7000 allogeneic and 10,000 autologous) [1] . These procedures are done in more than 300 transplant centers.
Age is an important factor in successful HCT outcome. HCT, especially from allogeneic donors, is generally considered only for younger patients despite the fact that most patients (>70%) with hematologic malignancies are older than 50 years. Only 26% of autologous transplantations are in patients older than 60 years and only 19% of allogeneic transplants are in patients older than 50 years [1] .
Also, allogeneic HCT is limited to those patients with suitable donors, ideally HLAmatched sibling donors. Reports in the literature indicate that 25-44% of otherwise eligible transplant candidates have an HLA-matched sibling donor [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , although the true rate Recovered and at least 60 days post-autograft (preferably between 60 and 120 days post-autograft).
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Recovered and at least 60 days post-autograft (preferably between 60 and 120 days post-autograft).
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Observation Maintenance therapy to begin at least 60 days post second autograft (preferably between 60 and 120 days). may be lower because of some selection bias in these studies. There is increasing use of alternative donors such as HLA-mismatched family members or matched unrelated donors, although transplant-related mortality rates are higher with alternative donors. Banked unrelated donor umbilical cord blood cells are the newest source of alternative donor cells for HCT and may extend application of HCT to many patients previously unable to find a donor. Nevertheless, HLA-matched sibling transplants account for about 60% of all allogeneic transplantations [1] . Transplants from unrelated donors or mismatched family members comprise the remaining 40%.
Advantages of biologic assignment trials
Feasibility of patient accrual in a limited patient population
When the patient population is limited, making randomized assignment impractical, a biologic assignment trial may be considered so that a sufficient number of trial subjects may be enrolled in a timely manner. As an example, consider the most common indication for allogeneic HCT, acute myeloid leukemia (AML) in first remission. There are only about 500 HLA-matched sibling transplants for AML in first remission yearly in the United States. Overall survival is about 60% at 3 years [26]. To test a new approach with 80% power to detect a 15% absolute improvement over that figure would require randomizing about 300 patients. To complete accrual in 3 years would require that about 20% of all AML patients receiving HCT in first remission be enrolled at a large number of transplant centers, which is far higher than the 3-5% of U.S. adult cancer patients that enroll on clinical trials in general [27] [28] [29] . For other less accepted or less common indications, accrual of patients is even more difficult. Consequently there is interest in alternatives to the randomized trial for studying HCT strategies. For the AML example, allowing all patients otherwise eligible, but without a donor to be enrolled would increase the potential study population to about 1500 per year instead of 500 per year.
Sample size considerations and trial duration
Feasibility of accrual in a timely fashion was the primary reason biological assignment was used for protocol 0102. Potential accrual of multiple myeloma patients was first estimated from data collected by the Center for International Blood and Marrow Transplant Research (CIBMTR) which maintains an observational database of HCT outcomes. The proportion of multiple myeloma patients with an HLA-matched sibling donor was estimated to be 20-30%, based on reports in the literature [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The total number of patients expected to enroll was 254 annually based on CIBMTR data and discounted estimates of accrual at participating transplant centers. The annual number of patients with a matched sibling donor expected to enroll was estimated to range from 51 (assuming a 20% matched sibling donor rate) to 76 (assuming a 30% rate) over the study period. Table 1 contrasts the sample sizes and years of accrual necessary for a two-arm biological assignment trial with a two-arm randomized trial as a function of the proportion of patients with an HLA-matched sibling donor. The randomized trial would only include patients with an HLA-matched sibling donor Table 1 Anticipated annual enrollment of multiple myeloma patients to BMT CTN protocol 0102, required sample size, and total years of accrual for a biologic assignment trial compared to a randomized trial which can only randomize patients with a matchedsibling donor. Figures are given for various proportions of patients with an HLA-matched sibling donor. The sample sizes required correspond to 90% power to detect a difference between the auto-allo arm and the auto-auto arm with respect to 3-year progressionfree survival (PFS) rates of 60% (auto-allo) vs 45% (auto-auto). A two-sided type I error rate of 5% is used with no correction for interim analyses (randomized in a 1 : 1 ratio to auto-allo vs. autoauto transplantation). The sample sizes were selected to have 90% power to detect a difference between 3-year progression-free survival (PFS) of 60% (auto-allo arm) versus 45% (auto-auto arm) at the two-sided type I error rate of 5%, using a comparison of binomial proportions. Using binomial proportions for the sample size calculations avoids making assumptions about the shapes of the hazard functions of the two treatment groups. If it were believed that the hazard functions were approximately proportional, a sample size calculation based on the logrank statistic would be more efficient. Such is not the case for allogeneic and autologous transplantation. The risk of early transplant-related mortality is higher after allogeneic HCT while the risk of later cancer-related mortality is higher after autologous HCT. Given these known differences in posttransplant hazard rates, we picked as an endpoint PFS at a time (3 years) when we expected most events would have occurred in both arms.
As shown in Table 1 , when 25% of the patients have an HLA-matched sibling donor available, a biological assignment trial would require 615 patients (461 on the auto-auto arm, 154 on the auto-allo arm) and 2.4 years of accrual, while a randomized trial would require 462 patients (231 on each arm) and 7.3 years of accrual. Allowing 3 years of follow-up on each patient leads to a 5.4year biologic assignment trial as compared to 10.3 years for a randomized trial. The potential for advances in therapy and in understanding of prognostic factors over a 10-year period make it unlikely that the results of a trial of that duration would be relevant, hence the focus on minimizing the accrual period rather than the total sample size.
To ensure that an adequate proportion of patients were enrolled to the auto-allo arm (i.e., patients having matched-sibling donors), the protocol investigators required that 150 auto-allo patients be included in the trial. Table 2 gives the total number of patients required as a function of the proportion of patients enrolled in the auto-allo arm. Table 1 , power is calculated to detect a difference between 3-year progression-free survival (PFS) of 60% (auto-allo arm) and 45% (auto-auto arm) at the two-sided type I error rate of 5%, using a comparison of binomial proportions.
As in
Note that when the number of patients with an HLA-matched sibling donor enrolled on the study is fixed, the total sample size decreases as the proportion of patients with an HLA-matched sibling donor increases. A conservative approach to planning such a trial would be to assume that the proportion of patients with an HLA-matched sibling donor is at the lower end of the expected range, which for protocol 0102 was 20%.
We have demonstrated the power calculations to detect a 15% difference (in absolute terms) between the 3-year PFS of the auto-allo group and the autoauto group. These calculations assume the two treatment groups would be compared according to the Intention-to-Treat (ITT) principle in which patient data are analyzed according to the treatment group to which they were assigned. The 15% difference takes into account that some of the HLA matched subjects might cross-over to the auto-auto group and that some patients might not receive the complete treatment course (treatment 'dropouts'). An alternative approach could have postulated cross-over and dropout rates and corresponding attenuations to the 15% difference. We chose to avoid such an approach since we felt it difficult to estimate these unknown parameters.
Generating enthusiasm among physicians and patients for a trial
In some circumstances, physician and patient preconceptions that HLA-matched sibling HCT is optimal (and therefore should not be denied to patients, who have such a donor) may further slow accrual to a randomized study or introduce selection bias in referrals for enrollment. Gray and Wheatley [2] argue that biologic assignment trials provide an ethical way to conduct a trial comparing Table 2 Total sample size and power with respect to the proportion of patients with a matched sibling donor (i.e., patients assigned to the auto-allo arm). The number of auto-allo patients is fixed at 150. Power is calculated to detect a difference between the auto-allo arm and the auto-auto arm with respect to 3-year progression-free survival (PFS) rates of 60% (auto-allo) vs 45% (auto-auto). A two-sided type I error rate of 5% is used with no correction for interim analyses Potential sources of bias in a biological assignment trial and proposed adjustments Prognostic factor imbalance
The first type of bias is treatment group imbalance with respect to prognostic factors. There are several statistical methods to adjust for imbalances in known prognostic factors. These include analysis of covariance for continuous data, Cox proportional hazards regression [30] for time-to-event data, and logistic regression for dichotomous outcome data. One can also construct strata based on the various prognostic factors and conduct a stratified analysis, e.g., using a stratified log-rank test for time-to-event data or a Mantel-Haenszel test for dichotomous data. However, this stratification can be cumbersome and possibly statistically unstable for large numbers of stratification variables. A propensity score analysis may be a useful alternative when correcting for large numbers of prognostic factors [31, 32] . Propensity scores can also be used to assess the amount of enrollment bias, discussed in the next section, by comparing the patient-by-patient probability of having a matched donor with whether such a donor was identified or not. Since biological assignment is implicitly related to family size (number of siblings) as well as age (availability of siblings for donation), adjustment for these factors may be advisable [33] . Nevertheless, while statistical methods may adjust for known imbalances, they cannot account for unknown imbalances, which are more likely when biological assignment is used as opposed to randomization.
Enrollment bias
In an HCT trial, physician or patient knowledge of HLA-matched sibling donor availability may differentially affect enrollment to the study based on disease stage or risk classification [34, 35] . For example, in some cases, patients who are at high risk of relapse may be more likely to be enrolled if they have a donor and less likely to be enrolled if they do not because of a perceived lack of efficacy of the nonallotransplant therapy in high-risk patients. Conversely, patients who are at low risk of relapse, older, and/or frail may be less likely to enroll on the study if they do have a donor because of the perceived toxicity burden of an allogeneic transplant. Such differential enrollment could lead to more high-risk patients on the allogeneic transplant arm potentially reducing its apparent efficacy relative to the autologous arm. Similarly, younger and otherwise healthy patients may be enrolled on the allotransplant arm potentially reducing its apparent relative toxicity. Also, novel nontransplant (off-trial) therapies might be considered to offer enhanced therapeutic potential to subjects without donors while they may be less frequently considered for those with an available donor. Ideally, to avoid these issues, one should enroll patients without knowledge of whether a donor is available. However, excluding patients whose donor determination, via tissue typing, is done prior to referral to a transplant center might limit the pool of eligible patients. In protocol 0102 we allowed patients to enroll regardless of whether the typing had been done previously. Patients were assigned to the auto-allo arm or auto-auto arm according to the availability of a matched sibling donor and had their outcome data analyzed as such regardless of whether they received their assigned treatment. This allowed for analyses to be undertaken following the ITT principle.
Note that if prior tissue typing is allowed, enrollment bias can also occur prior to referral of a patient to the transplant center. It is important to keep the point of study enrollment as close to the tissue typing process as possible to reduce this potential for referral bias. In the multiple myeloma population, most candidates for this trial would be referred to a transplant center to receive at least an autologous transplant. The HLA typing would most likely be done by the transplant center, so the transplant center was considered an appropriate point of enrollment. In the setting of AML, where nontransplant therapies are more widely used, HLA typing may be done by the oncologist prior to referral to the transplant center. Thus for an AML trial, trial enrollment should take place at the primary oncologist stage.
Careful consideration of possibilities of enrollment bias may lead one to modify the target population for the primary analysis. For example, in protocol 0102, the possibility was raised that patients with high risk of relapse of their myeloma based on known clinical prognostic factors may be preferentially enrolled to the allogeneic transplant arm due to physician and patient preferences. Consequently, while such patients were enrolled (expected to be 20% of the total population), the protocol specified that they would be excluded from the primary analysis.
Monitoring for enrollment bias
Acknowledging the potential for enrollment bias, in protocol 0102 we implemented a monitoring plan to assess enrollment on the study. To monitor for enrollment bias, we compared the characteristics of all transplanted patients from the CIBMTR database with those who were transplanted in the trial. In protocol 0102, each clinical center was required to register consecutive transplant recipients with the CIBMTR. Data were collected on all transplanted patients regardless of whether they were enrolled in the protocol. These data were used to determine if the demographic composition, performance status, and disease risk of patients screened and entered in the trial were representative of the population of transplant patients treated at that center who were potentially eligible for trial entry. Comparisons between CIBMTR-registered patients and trial-enrolled patients were performed periodically to assess potential biases.
Additionally, each clinical center was monitored separately to ensure consistency with the expected proportions of patients with HLA-matched donors (20-30%). As HCT trial data are typically analyzed by treating centers as strata, a reasonable representation of each treatment arm at each center was needed. For the 0102 trial, the trial investigators were concerned about low enrollment to the autoallo arm since the auto-auto arm was considered standard of care for myeloma patients without a donor. That is, the trial investigators were more concerned that a patient with a matched sibling donor would decline enrollment to the trial than a patient without a matched sibling donor. In other studies, it may be more appropriate to consider enrollment bias in either direction.
Consequently, some important safeguards were used to ensure adequate enrollment to the autoallo arm. First, a minimum center enrollment requirement was used. Only centers expecting to enroll at least 20 standard risk patients were allowed to participate in protocol 0102. This ensured a high probability (>¼ 93%, based on estimated rates of HLA-matched donors) of having at least two patients at a particular center with an HLA-matched sibling donor, which in fact occurred at each center. Second, if a clinical center did not use an HLA-matched donor because they were 'not eligible,' the donor file was reviewed by the Data and Coordinating Center (DCC) Protocol Officer to verify that the decision was within the guidelines of the protocol. Finally, a truncated Sequential Probability Ratio Test (SPRT) [36] was used for statistical monitoring of each center's accrual. The monitoring plan used for protocol 0102 is given in Table 3 . This monitoring plan was based on an SPRT testing the null hypothesis that the proportion of enrolled patients with a matched sibling donor would be 25% against the alternative hypothesis that the proportion would be 10%, using a 10% type I error rate and a 20% type II error rate. The null hypothesis proportion was obtained by noting that if the auto-allo and auto-auto arms have the same true enrollment rates (i.e., the probability that a patient being treated at that center will enroll on the study), then the proportion of enrolled patients who have a sibling donor should be approximately the same as the biological assignment proportion in the population (assumed to be 25%). Only the lower stopping boundary for the number of patients with a matched sibling donor was used to focus on identifying lower enrollment rates among patients with a matched sibling donor. The expression for the lower stopping boundary is S n ¼ À1.893 þ 0.166*n, where n is the number of patients accrued by the center at a monitoring time. The operating characteristics of this monitoring rule for a given center depend on the number of patients enrolled at that center and can be determined by simulation. If a center was enrolling its patients at a true (i.e., asymptotic) rate of one auto-allo patient for every three auto-auto patients (corresponding to the null hypothesis), Table 3 Monitoring plan for the proportion of patients enrolled to the auto-allo arm at a particular transplant center. Monitoring plan is based on a SPRT testing the null hypothesis that the true (i.e., asymptotic) proportion of enrolled patients with a matched sibling donor is 25% against the alternative hypothesis that the proportion is 10%. A 10% type I error rate and a 20% type II error rate are used there would be a 5.5% chance of reviewing the center during the first 20 patients accrued by the center and a 10% chance of reviewing during the first 50 patients. If the center was biasing its enrollment so that its true enrollment was one auto-allo patient for every nine auto-auto patients (the alternative hypothesis), there would be a 48% chance of reviewing the center during the first 20 patients and a 90% chance of reviewing the center during the first 50 patients. This alternative hypothesis corresponds to when the true enrollment rate for auto-allo patients out of all eligible patients at that center with a matched sibling donor is one-third the true enrollment rate of autoauto patients out of all eligible patients at that center with no donor available. It is important to note that because of the limited sample sizes at many centers, this monitoring rule is powered only to detect large deviations in a center's enrollment rates.
Intention to treat analysis
For an intention to treat analysis, a randomized clinical trial defines the starting time as the time of randomization. However, when the patients are biologically assigned, the starting time is not unique and an appropriate choice is important to minimize bias.
Protocol 0102 compared strategies after an initial autologous transplant. The time of the initial autologous transplant was chosen as the starting time so that the intent to treat analysis would include patients irrespective of whether they received the assigned second transplant. With this starting time, an intention to treat analysis will be performed using the biologically assigned treatment arms. That is, if a patient enrolled on the study and had an eligible donor, they were regarded as being assigned to the auto-allo arm even if they did not receive an allogeneic transplant. This choice of starting time avoids the potential bias that could arise if there were differential acceptance of the second transplant procedure or if the time elapsed between the first and second transplants differed between the two treatment groups.
Ethical issues in biologic assignment trials
An ethical concern about a biological assignment trial is that the results may not be relevant to all patients in the trial. For example, if in protocol 0102 it were found that HLA-matched sibling HCT was more effective than autologous HCT, this would not have been directly relevant to the patients who did not have an HLA-matched sibling donor. We do note that allogeneic HCT is generally first tested using HLA-matched sibling donors, who are historically associated with the lowest rates of transplant-related morbidity and mortality. Demonstration of efficacy with this type of donor gives impetus for subsequent testing with alternative donors, i.e., HLA-mismatched relatives or unrelated donors, which are available for most patients. If, conversely, allogeneic transplantation were not found to be superior, there would be no impetus for such testing and autotransplantation would be the appropriate therapy for all patients.
To further address the ethical concern that results might not be relevant to all patients in the trial, protocol 0102 randomized the auto-auto patients in a one-to-one ratio to observation or maintenance therapy after their second autologous transplant (Figure 1 ). Other earlier studies also randomized patients without sibling donors into two different autologous HCT treatments or autologous versus nontransplant treatment, thus, including the allogeneic arm, making a total of three treatment arms [17, 20, 23] . The advantage of a three-arm design is that it satisfies the ethical concern about testing treatments which are directly applicable to all patients on the study, both with and without a matched sibling donor. However, it places an additional burden on the sample size. Because of the need to adjust for multiple pairwise comparisons, a three-arm design would require a larger total sample size to detect differences between the arms than a two-arm design. Other three-arm designs may be considered. For example, if there were no statistically significant difference between the arms without a sibling donor, one could combine those arms in a statistical test against the arm which had a sibling donor. Otherwise, if there were a statistically significant difference between the arms without a sibling donor, the better non-sibling donor arm could be compared to the sibling donor arm. This statistical strategy was taken in protocol 0102, but for the sake of brevity we omit the details. Whether an additional randomization is appropriate depends on the circumstances of the study including the ability to enroll subjects, the treatment being studied, the nature of the standard therapy, and the availability of an appropriate second question to test.
In protocol 0102, the randomization of the auto-auto arm took place prior to the initial autologous transplant. This is because some patients could drop out or die prior to the second transplant or the post-second transplant chemotherapy treatment. Not including such patients in the analysis would make the results applicable only to patients who received the two autologous transplants. Randomization prior to the initial therapy makes the randomized comparison applicable to those initially eligible for the first of the two transplants. Wheatley [3] reports on two examples of studies [9, 15] in which patients without matched sibling donors who were not randomized (33% and 24%, respectively) were not included in the comparison to the patients with matched sibling donors. This may have biased the results.
Conclusions
A biological assignment trial can be a reasonable way to compare treatments which are biologically based, such as HLA-matched sibling allogeneic transplants, when the gold-standard randomized trial design is impractical or impossible. Implementing such a trial requires careful consideration of the ethical issues and potential biases yet gives the opportunity to answer questions that may otherwise not be feasible to answer. Such trials also provide opportunities for innovative designs, monitoring, and analyses to address these issues.
